The removal of target DNA by magnetic capture hybridization (MCH) from constituents inhibitory to amplification by polymerase chain reaction (PCR) was evaluated using Salmonella as the test pathogen. Hybrids were subjected to both conventional and quantitative real-time PCR (qPCR).
INTRODUCTION
Detection of pathogens using polymerase chain reaction (PCR) has become increasingly popular as a method of identifying low numbers of organisms in a variety of samples. Detection limits using molecular methods such as PCR may be lower when compared with conventional growth-based assays, and also have the advantage of increased specificity. Achieving low detection limits in any environmental pathogen assay is of paramount importance, especially in water samples where the presence of a single organism may result in human illness (Straub & Chandler 2003) .
Successful PCR requires nucleic acid that is free from inhibitors and interfering compounds, and extraction protocols often dictate the success or failure of the goals of a particular assay. Wastewater and environmental samples may be physically and chemically complex, and are often poorly characterized. The application of PCR presents issues of recovery efficiencies of the pathogens under study, and also awareness that the presence of inhibitors to enzymatic amplification in a reaction can increase detection levels above acceptable limits for human health with respect to recreational waters (Loge et al. 2002) .
The list of known inhibitors of the PCR reaction is long and varied, and the concentration required to impede amplification is often quite low for some compounds (Wilson 1997) . Samples from wastewater and water contain substances such as humic acids, metal ions and fats, which are potent inhibitors of PCR (Wilson 1997; Burtscher & Wuertz 2003) . Methods to recover nucleic acids from these samples have been slow to develop and often result in the loss of material or are ineffective at removing compounds inhibitory to PCR (Harry et al. 1999) . Clean-up methods include size-exclusion chromatography, electrophoresis, ion-exchange chromatography (Cullen & Hirsch 1998 ) and bispeptide nucleic acids (Chandler et al. 2000) . subsp. salamae DSM 9220, S. isangi, S. livingstone, S. ohio KS3, S. rauhform QB2 and S. rissen. All strains were cultured overnight at 378C in 10 ml Luria-Bertani broth (Fisher Scientific). Cultures were centrifuged at 6,000 £ g for 12 min, and resuspended in an appropriate volume of 1X TE buffer (50 mM Tris-HCl, 1 mM EDTA, pH 7.5).
Cell enumeration and DNA extraction
Washed cells were fixed by addition of three volumes of 4% paraformaldehyde in 1X PBS (130 mM NaCl, 10 mM Na 2 HPO 4 , pH 7.2) and stored at 48C for 2 h. Cells were washed by centrifuging at 6,000 £ g for 12 min, resuspended in 1X TE buffer, and filtered through a 0.22-mm black polycarbonate filter. One hundred microlitres of 1 mg ml 21 DAPI (4,6-diamidino-2-phenylindole) was added to the filter surface, which was stained for 10 min at room temperature. Filters were mounted in Citifluor and viewed using a Zeiss Axioskop with a 63X oil objective and a DAPI filter set (Omega Optical, Brattleboro, Vermont). A minimum of 500 cells were counted in duplicate and the average was used to calculate the original cell concentration. DNA was released from cells by heating in a 1008C water bath for 10 min and cooling on ice. Serial ten-fold dilutions were prepared using sterile double-distilled water.
Additionally, a comparison using mechanical and chemical lysis (FastDNA SPIN Kit for Soil, Qbiogne, Inc., Carlsbad, California) was performed according to manufacturer's recommendations.
Primers and probes used for PCR and MCH
All primers and probes used were based on previously published test systems with the exception of the MCH capture probe, which was designed using standard sequence analysis software (Table 1) .
MCH-PCR
Three general steps are involved in the capture of DNA sequences and subsequent PCR amplification: (1) hybridization of target DNA with biotin-labelled probe(s); (2) binding of hybrid to streptavidin coated magnetic beads and separation of bead -hybrid complex from solution using a magnetic field; and (3) PCR amplification.
Hybridization
The hybridization solution consisting of 200 ml of hybridization buffer, 1.5 pmole INT-CAP, and 20 ml of template DNA, was incubated at 508C overnight with gentle endover-end mixing in a hybridization oven (Boekel Scientific, Feasterville, Pennsylvania) . Two different hybridization buffers were evaluated: 1X Binding and Washing Buffer (B&W) consisting of 5 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 1 M NaCl (Dynal, Oslo, Norway) and 1X Hybridization Solution (Sigma, St Louis, Missouri).
Binding and separation
M-280 Streptavidin coated magnetic beads (Dynal) were washed according to the manufacturer's recommendations and resuspended in 1X TE buffer. Ten microlitres of washed beads was added to the hybridization mixture, and incubated at 248C with gentle mixing for 1 h. Tubes were placed in a magnetic stand (MPC-S, Dynal) and washed twice according to the manufacturer's specifications. The beads that were hybridized using the B&W buffer were washed using the same buffer, and the others with a 1X PBS/ 0.1% BSA solution (Marsh et al. 2000) . Beads were resuspended in 40 ml of dH 2 0.
Conventional PCR
Five microlitres of hybridized beads were amplified by conventional PCR using a 50 ml reaction volume consisting 
Effect of inhibitors on conventional PCR and MCH-PCR detection of Salmonella
The following compounds and ions were used to assess their impact on PCR: humic acid (Sigma), 1.5 mg ml 21 , PCR reaction. The PCR products were analysed on a microcapillary electrophoresis chip (Bioanalyzer 2100, Agilent, Palo Alto, California). To determine the inhibitor removal capacity of the magnetic beads, increasing concentrations of each compound were added to the hybridization mixture along with 20 ml Salmonella DNA. The hybridization and bead binding was performed as described previously. Five microlitres of eluted DNA was amplified by conventional PCR and analysed using microcapillary electrophoresis.
MCH-qPCR
Five serial ten-fold dilutions of nucleic acid from Salmonella cells were used to generate the standard curve for all MCH-qPCR determinations. Each dilution point in the standard curve was done in triplicate. Enumeration of cells and extraction of DNA from Salmonella was performed as described above. Twenty microlitres of DNA from the same dilutions used to generate the standard curve was added to the MCH tubes and the bead procedure was followed as Restriction digest of Salmonella DNA Short fragments of the invA gene were generated by incubating 20 ml of Salmonella DNA with 10 units of the restriction enzyme Hph 1 in 80 ml of NEBuffer 4 (50 mM potassium acetate, 20 mM Tris-acetate, 10 mM magnesium acetate, 1 mM dithiothreitol, pH 7.9). Digestion was done at 378C for 1 h, and the enzyme inactivated by heating at 658C
for 20 min. Duplicate reactions without enzyme were included in each experiment to compare MCH efficiencies using long and short fragments of DNA.
Effect of non-target DNA on qPCR and MCH-qPCR
Escherichia coli (ATCC 15597) cells were cultured, harvested, counted, and the nucleic acid extracted using the methods outlined above. DNA from Salmonella (target) was mixed with E. coli (non-target) in the following cellular ratios: 1:100, 1:1,000, 1: 10,000, 1: 50,000. For Salmonella,
DNA from a total of 250 cells was included in each reaction.
For comparison, appropriate volumes of template were included in two reactions: MCH-qPCR and qPCR (TaqMan).
Recovery function
To check the quality of results and the nature of the systematic deviation following MCH-qPCR, the data were analysed employing a statistical procedure. A recovery function, relating the original (x) and the measured (from MCH-qPCR) cell numbers (x m ), was established:
where a m and b m are the origin ordinate and the slope, respectively.
The process standard deviation of the calibration function (S xo ) was calculated according to
where S y is the residual standard deviation
andŷ i is the calculated cell number for the standard curve, defined bŷ
with N the number of samples analysed, y i the cell number for each sample, and a (intercept) and b (slope) are the parameters for the calibration curve.
The standard deviation of the recovery function S ym was calculated from the equation
The process standard deviation of the calibration function (S xo ) and the standard deviation of the recovery function for the MCH-qPCR (S ym ) were tested for significant differences by defining the ratio
using the
significant difference between the standard deviations exists and it is necessary to find the cause of the high imprecision or to change the recovery function (Funk et al. 1995) .
Application of MCH-qPCR to a water sample
A local river was selected to test the proposed method. This location was chosen because the water was representative of turbid environmental samples likely to contain high concentrations of inhibitors. Fifty millilitres of sample was collected and centrifuged at 5,000 £ g for 10 min to concentrate inhibitors and sediment. The pellet was resuspended in 500 ml of 1X TE buffer and mixed with 1 £ 10 6 Salmonella cells. An additional control consisted of deionized water spiked with Salmonella cells. Nucleic acid was extracted and enzymatically digested as described
above. An unspiked control was analysed to ensure the absence of any indigenous Salmonella. Both control and river sample were subjected to MCH-qPCR and qPCR as described above. All samples were analysed in duplicate.
RESULTS AND DISCUSSION

DNA extraction
Extraction of Salmonella DNA was evaluated comparing a simple heat extraction to bead-beating. The results from bead-beating were variable and were at least 50% lower than for heat treatment.
Specificity of capture probe
The biotin-labelled capture probe, INT-CAP, was tested against 19 strains of Salmonella by MCH-qPCR. All strains except two tested positive. DNA from S. agona and S. cholerasuis subsp. houtenae failed to hybridize (no cells detected) and also was not amplified when added directly to a qPCR reaction. S. agona is commonly isolated from warmblooded animals; S. cholerasuis subsp. houtenae has been isolated from cold-blooded animals and rarely from humans (Brenner et al. 2000) . Nearly all Salmonella strains represent a risk for human health, but the virulence varies depending on the strain and host characteristics.
Effects of inhibitors on MCH-PCR
PCR inhibitory compounds known to be common to environmental and wastewater were spiked into PCR reactions containing constant concentrations of Salmonella DNA. Based on electrophoresis results, a minimum concentration was established for each compound that resulted in PCR inhibition in a standard reaction assay. For comparison, a duplicate assay was performed with the compounds added to the hybridization mixture along with Salmonella DNA, then subjected to MCH-PCR. Inhibitory concentrations were compared for the two assays.
For each compound tested, the MCH-PCR method was quite effective at removing DNA from the tested inhibitory constituents (Table 2) . MCH was an efficient removal mechanism for humic acid in particular. Humic acids are ubiquitous in the environment; they comprise a very large, complex group of compounds, which have been shown to exert a variety of deleterious effects on amplification (Jacobsen 1995) . Concentrations inhibiting PCR are dependent not only upon the source and purity, but also on the DNA polymerase used (Tebbe & Vahjen 1993) . 
Effect of non-target DNA on qPCR
The ability of MCH to recover target DNA from varying concentrations of non-target DNA was evaluated using qPCR. The results are presented in Table 3 . Using only qPCR, detection was reduced by one-fifth when the ratio of target to non-target was 1:50,000. For the concentrations tested, the recovery of Salmonella DNA using MCH-qPCR ranged from 42.3% to 48%, and was unaffected by high background levels of non-target DNA. Clearly, MCH can be an effective mechanism for isolating and removing target nucleic acid from matrices that may contain high amounts of interfering DNA. Such a complex matrix can be found in water samples, where pathogen concentrations may be quite low compared with relatively high levels of prokaryotic and eukaryotic organisms. 
MCH-qPCR recovery function
The results obtained from MCH-qPCR for serial ten-fold dilutions and expressed as cell numbers, revealed a systema- 
Application of MCH-qPCR to water samples
While the application of fluorometric qPCR assays (e.g.
TaqMan) to environmental samples is an attractive prospect, the difficulty lies in the presence of interfering compounds in the template. Humic acids and fulvic acids have been shown to either autofluoresce or quench fluorescence in such assays (Stults et al. 2001) , which can lead to overestimation or underestimation of target in the final analysis. Table 2 lists other compounds that can influence the enzymatic amplification of target DNA.
Additionally, as was shown above (Table 3) , the presence of foreign DNA in the PCR reaction can negatively affect quantitative detection. The methodology proposed herein, MCH-PCR and MCH-qPCR, is an effective means of separating these substances and others from nucleic acids ensuring more accurate and reproducible results. The newly developed method was tested on a spiked water sample that was concentrated 100-fold in order to ensure high levels of inhibitors and contaminants. The inhibitory effects of this matrix on amplification were studied by comparing the effectiveness of qPCR and MCH-qPCR using digested nucleic acid as spiked template (Table 5) .
Approximately 1,000 cells were added to each reaction.
The water control demonstrates the optimal detection scenario for both qPCR and MCH-qPCR. The recovery of Salmonella DNA using MCH-PCR for both the control and river samples was nearly identical, and close to the optimal recovery of 50% when employing the correct buffers and enzymatic digestion. Therefore, the beads removed DNA from inhibitory constituents in the original river water and detection by MCH-qPCR was not affected. However, with qPCR, the cell number for the river sample was approximately half of the expected value compared with the control; a reduction in detection that may be attributed to the presence of inhibitory compounds in the digested nucleic acid template. Even when detection by qPCR is possible, the actual cell number in the sample remains unknown since the effect of inhibitors is not quantified.
Conversely, MCH-qPCR combined with the recovery function provides the tools to both remove inhibitory compounds from nucleic acids and calculate actual sample cell concentrations. 
CONCLUSIONS
